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Vibrio vulnificus, a gram-negative halophilic bacterium, causes primary septicemia and wound infections in humans (1) . The V. vulnificus wound infection can result from exposure to seawater or from handling marine products. Severe wound infections are often characterized by necrotizing fasciitis (1) . The required incubation period in cases of wound infection averages only 16 h (2). These facts suggest that underlying mechanisms for evading phagocytosis by innate immune cells are essential for its pathogenicity. In general, bacteria must be able to both access and also evade host cells because they need to adhere to target cells for colonization and also escape from phagocytic cells in the infected hosts (3, 4) . Bacteria overcome this difficulty by changing their surface hydrophobicity, for instance, by the regulation of expression of capsule. It was reported that V. vulnificus also evades phagocytic cells by decreasing its CSH via capsule expression (1, 5, 6) . However, it is unclear whether other factors are involved in maintaining their CSH.
In our previous study, we applied the signaturetagged transposon basis mutagenesis (STM) (7, unpublished) to a wound infection model for genome-wide screening of V. vulnificus. The STM is a negative selection method that screens for transposon insertion mutants (STM mutants) that have lost their ability to survive and proliferate in the host. We identified over 70 essential genes for the proliferation of V. vulnificus in an infected host and gained a comprehensive understanding of the infection mechanisms in V. vulnificus (8, unpublished) . In the present study, we tried to identify genes essential for anti-phagocytic ability of V. vulnificus from among the genes identified by the STM. We identified the transposon-inserted genes and investigated the expression of capsule, anti-phagocytic activity, and the murine lethality of the mutants. As a result, we identified a degS mutant (degS::Tn) of V. vulnificus that formed opaque colonies, yet showing decreased anti-phagocytic activity and reduced murine lethality.
METHOD Bacterial strains and plasmid
Vibrio vulnificus CMCP6 was obtained from the Department of Microbiology, South Korea Chonnam National University Medical School. The environmental isolate of V. vulnificus was obtained from Dr. Miyoshi (Okayama University). A signature-tagged mini-Tn5Km2 transposon in the pUT delivery suicide plasmid pool was provided by Dr. Yamamoto (7, 8) . Escherichia coli S-17kpir (Biomedal, S.L., Sevilla, Spain) containing signature-tagged miniTn5Km2 in pUT was used for the conjugation of transposon to V. vulnificus. Vibrio vulnificus and E. coli were grown in Luria-Bertani (LB) medium under aerobic conditions.
Construction of the transposon insertion mutants
The transposon insertion mutants were constructed by conjugation, as described previously (8) (9) (10) . In brief, E. coli S17kpir containing signature-tagged mini-Tn5Km2 in pUT was conjugated with V. vulnificus CMCP6 on a nitrocellulose membrane filter Hybond-C Extra (Amersham Biosciences, Tokyo, Japan) on M9 agar (0.6 g Na 2 HPO 4 , 0.3 g KH 2 PO 4 , 0.05 g NaCl, 0.1 g NH 4 Cl, 1 mM MgSO 4 , 1.12 mM glucose, 0.001% thiamine, 0.1 mM CaCl 2 , 1.5 g agar, and 100 mL distilled water) overnight. The bacteria were collected from the nitrocellulose membrane with 1 mL of LB broth, and 100 mL of the bacteria was plated onto a thiosulfate citrate bile salts sucrose (TCBS) agar plate containing 50 lg/mL of kanamycin to screen for signature-tagged transposon mutants of V. vulnificus.
Identification of STM mutants
The STM mutants were identified by animal experiments and tag-specific dot hybridization, as described previously (8, unpublished) . Signature-tagged mutants of V. vulnificus were grown in LB medium for 12 h at 37°C and used as an input pool. Mice were subcutaneously inoculated into the right caudal thigh with the input pool. The infected mice were carefully monitored and sacrificed when they displayed critical symptoms, such as deep hypothermia, and the output pool was collected from murine spleens. The animal experimentation protocol was approved by the President of Kitasato University based on the judgment of the Institutional Animal Care and Use Committee of Kitasato University (Approval no. 15-156).
For tag-specific dot hybridization, 10 lM of the target DNA, the signature-tagged sequence region of each transposon, was blotted onto Hybond-N+ membrane (GE Healthcare, Tokyo, Japan) and fixed with CL-1000 Ultraviolet Crosslinkers (UVP, CA, USA). The DNA probes were amplified by the polymerase chain reaction (PCR) with digoxigenin (Dig)-labeled primers: Dig 1 (5 0 -Dig-CATGGTACCCATTCTAAC-3 0 ) and Dig 2 (5 0 -Dig-TACCTACAACCTCAAGCT-3 0 ). The hybridization processes were performed in a hybridization oven (MHS200e/eyelaco, Tokyo, Japan). We repeated this assay and obtained 143 STM mutants.
Bacterial adherence to hydrocarbons (BATH) assay
The CSH of all STM mutants was measured by the BATH assay (11) . In brief, V. vulnificus was grown overnight in LB broth with shaking at 37°C. The overnight cultures were diluted 1/100 in fresh LB broth. The cultures were grown with shaking at 170 rpm at 37°C for 2 h and the optical density at 600 nm (OD 600) of the cultures was adjusted to 1.0. The culture (0.5 mL) was washed twice with phosphate urea magnesium sulfate (PUM) buffer (pH 7.1: 22.2 g K 2 HPO 4 -3H 2 O, 7.26 g KH 2 PO 4 , 1.8 g urea, 0.2 g MgSO 4 -7H 2 O, and distilled water to 1000 mL) (4400 g, 3 min, room temperature). Two microlitre of test hydrocarbon (n-octane or p-xylene; both obtained from Wako Pure Chemical Industries, Tokyo, Japan) was added to round-bottom test tubes (10 mm diameter) containing 0.5 mL of washed cells suspended in PUM buffer. Following 10-min incubation at 30°C, the mixtures were vortexed uniformly on a vortex mixer for 120 s. After allowing 15 min for the hydrocarbon phase to rise completely, 100 ll of the aqueous phase was carefully transferred to a 96-well plate. Light absorbance was determined at 400 nm, using an enzymelinked immunosorbent assay (ELISA) plate reader (Sunrise TM , Tecan). Data were tested for significant differences using the Kruskal-Wallis test, followed by Dunn's multiple comparison test.
Identification of transposon-inserted genes
The transposon-inserted sequence was determined via arbitrarily primed PCR described in the previous study (unpublished, 12) . Sequence homologies were identified by homologous gene search from the Kyoto Encyclopedia of Genes and Genomes database (KEGG: http://www.ge nome.ad.jp/keg).
Colony morphology comparison
Bacteria were grown in LB medium under aerobic conditions at 37°C. The overnight cultures (5 lL) were dropped onto an LB agar plate. Plates were incubated at 37°C for 12 h, and the colony morphology was observed.
Differentiation of HL-60 cells
The method of differentiation of HL-60 cells was described previously (13, 14) . In brief, HL-60 cells were grown in Roswell Park Memorial Institute (RPMI) 1640 medium (R8758, Sigma-Aldrich) containing 10% fetal bovine serum (FBS) (F7524, Sigma-Aldrich). Cells were grown in suspension to ≦1 9 10 6 cells/mL at 37°C in a 5% CO 2 atmosphere. HL-60 cells (5 9 10 5 cells) were differentiated in 5 mL of the RPMI 1640 medium containing 10% FBS with 100 mM N,N-dimethylformamide (DMF) for 5 days. The differentiation of HL-60 cells was confirmed by May-Gr€ unwald/Giemsa staining. Differentiated HL-60 cells were used in the opsonophagocytosis assay.
Opsonophagocytosis assay
The opsonophagocytosis assay method was described previously (13, 14) . In brief, V. vulnificus were incubated to mid-log phase and washed twice with Hanks' buffer (0.14 g CaCL 2 HPO 4 , and 1 g D-glucose up to 1L by distilled water) (4400 9 g, 3 min, room temperature). The bacterial pellets were suspended in Hanks' buffer containing 10% human serum (H4522, Sigma-Aldrich) and incubated for 15 min at 37°C with shaking (500 rpm) (preopsonization). After preopsonization, 50 lL of aliquot was placed into each well of 96-well plates.
During preopsonization, differentiated HL-60 cells were harvested by centrifugation (160 g for 10 min at room temperature). The cell pellet was resuspended in Hanks' buffer containing 10% human serum. Then, 50 lL of this cell suspension or the cell free buffer was added to each of the bacteria-containing wells. The cells and bacteria were co-incubated for 45 min at a multiplicity of infection (MOI) of 10. After incubation at 37°C with shaking (500 rpm), an aliquot of each well was plated onto LB agar plates containing 50 lg/mL rifampicin. The viability was calculated as (colony-forming unit (CFU) in the presence of HL-60)/(CFU in the absence of HL-60) 9 100. Data were tested for significant differences using the Kruskal-Wallis test, followed by Dunn's multiple comparison test.
Survival curve analysis
Overnight cultures (100 lL) were placed in 2 mL of fresh LB broth and incubated for 2 h. After incubation, the OD 600 of the cultures was adjusted to 1.0. Bacteria were harvested, washed with PBS (pH 7.2) containing 0.1% gelatin, and resuspended in fresh LB broth. Then, 10 6 CFU/mouse were subcutaneously inoculated into mice (5 weeks, Institute of Cancer Research (ICR), male, CLEA, Sendai, Japan). All mice were observed for 72 h. Data were tested for significant differences using the logrank (Mantel-Cox) test.
Polymyxin B resistance assay
Strains were grown at 37°C in Mueller-Hinton (MH) broth (Difco) and harvested at the mid-log phase of growth. Bacteria were subcultured in new MH broth or MH broth containing 12.5 lg/mL polymyxin B (SigmaAldrich). The suspensions were incubated at 37°C for 12 h, and the bacterial lysis was calculated as (OD 600 of MH broth containing polymyxin B/OD 600 of MH broth not containing polymyxin B). Data were tested for significant differences using the Mann-Whitney U test.
RESULTS

Changes in the cell surface hydrophobicity by transposon insertion
Clinical isolates of V. vulnificus express capsule that helps them evade phagocytes by decreasing their CSH (1, 5, 6 ). The CSH of bacteria can be measured by the bacterial adherence to hydrocarbons (BATH) assay (11) . From among the STM mutants, we selected V. vulnificus mutants whose CSH varied from that of WT according to the BATH assay and identified the transposon insertion gene of the mutants. As a result, four mutants were detected as CSH mutants. The transposon mutant of mltB (mltB::Tn) or glycosyltransferase (glt::Tn) showed increased CSH in the presence of p-xylene compared to WT, but was similar to WT in the presence of noctane (Fig. 1, Table 1 ). On the other hand, the transposon mutants of pilus assembly protein (pap:: Tn) and degS (degS::Tn) showed decreased CSH in the presence of n-octane compared with WT, but were similar to WT in the presence of p-xylene (Fig. 1, Table 1 ). The CSH of each mutant in the presence of p-xylene differed from that in the presence of n-octane. The reasons why the CSH of these mutants showed different degrees of activity in the presence of different hydrocarbons are not clear.
In E. coli, mltB coded murein transglycosylase plays a role in the turnover of peptidoglycan (15), while glt is involved in the Wza-Wzc complex containing locus of V. vulnificus DNA. It has already been reported that the Wza-Wzc complex plays a role in the capsular polysaccharide (CPS) expression of V. vulnificus (16) . In broad species of bacteria, pap is involved in the formation of flp (fimbrial low-molecular protein weight) pilins (17, 18) . In E. coli, degS is a membrane-anchored periplasmic protease and plays a critical role in the r E -stressresponse pathway in E. coli (19, 20) . The role of these four genes in the pathogenesis of V. vulnificus wound infection has not been clarified to date.
Comparison of colony morphology
The CPS expression can be confirmed by colony morphologies (21) . The clinical isolates of V. vulnificus formed an opaque (O)-type colony but an environmental isolate strain formed a translucent (T)-type colony (Fig. 2) . It is already known that V. vulnificus with T-type colonies show decreased lethality in mice (21) . To investigate whether the four mutants express CPS or not, colony morphologies were examined. The colonies of mltB::Tn and glt::Tn were of the T type, and those of pap:: Tn and degS::Tn were of the O type (Fig. 2) . These O-type colonies suggested that pap and degS might be involved in unknown anti-phagocytic activities of V. vulnificus, apart from capsule production.
Anti-phagocytic activity of mutants
To date, no mutant strains of V. vulnificus have been identified that form O-type colonies yet have reduced anti-phagocytic activity. Anti-phagocytic activities of pap::Tn and degS::Tn were examined by the opsonophagocytosis assay using HL-60 cells differentiated with DMF into granulocytes. Environmental isolates, mlt::Tn, and glt::Tn, showed Ttype colonies (Fig. 2) and lower viability than the WT in this assay (Fig. 3) . Furthermore, viabilities of pap::Tn and degS::Tn were lower compared to WT (Fig. 3) . These results suggest that anti-phagocytic activities of pap::Tn and degS::Tn were attenuated, despite the fact that they formed O-type colonies.
Murine lethality of mutants
The pap::Tn and degS::Tn show less proliferation ability in vivo in a competitive environment with other Tn mutants because they were obtained by the STM (unpublished). However, it was not clear whether pap::Tn and degS::Tn would show less proliferation ability in vivo when each mutant was inoculated alone. Therefore, we evaluated the lethality of pap::Tn and degS::Tn by the KaplanMeier method in subcutaneously inoculated mice. The degS::Tn inoculated mice showed prolonged survival time (Fig. 4) . These results showed that the lethality of degS::Tn was decreased even when degS::Tn was inoculated alone.
Polymyxin B resistance assay
Prolonged survival time was observed during the inoculation of degS::Tn, which decreased CSH in the presence of n-octane and whose colony morphologies were of the O type (Figs 1 and 2 ). These facts suggested that cell surface structures of degS:: Tn varied by a factor other than capsule. The lipopolysaccharide (LPS) of gram-negative bacteria provides a permeability barrier for hydrophobic and negatively charged molecules and also contributes to the structural integrity of the outer membrane (22) . This led us to speculate that the LPS of degS::Tn might have changed. When the amount of LPS was reduced, susceptibility to polymyxin B increased (23) . We performed the polymyxin B resistance assay to examine the sensitivity of degS::Tn and found that it was more susceptible to polymyxin B than WT (Fig. 5) . These results suggested that degS::Tn expressed a lower amount of LPS than the WT.
DISCUSSION
Bacterial cell surface hydrophobicity (CSH) plays a crucial role in the attachment to or detachment from host cell surfaces (3, 4) . The aim of this study was to identify genes that contribute to the antiphagocytic activity of V. vulnificus by screening STM mutants whose CSH differed from that of WT. By screening STM mutants, the genes involved in capsule expression (mltB, glt), pilus expression (pap), and stress responses (degS) were identified as the CSH-varied mutants. Among these mutants, ) and human polymorphonuclear neutrophils (PMNs) (5 9 10 5 ) were incubated in 10% human sera for 45 min at 37°C. The viability was calculated as (colony forming unit (CFU) in the presence of HL-60)/(CFU in the absence of HL-60) 9 100. Error bars indicate the standard deviation (SD) from two independent experiments done in triplicate per mutant. Statistical significance was determined by the Kruskal-Wallis test, followed by Dunn's multiple comparison test. * p < 0.05, * * p < 0.01, * * * p < 0.005. This sensitivity was determined by measuring the optical density 600 nm (OD 600 ) of cultures after 12-h growth in Muller-Hinton broth with or without (Ctrl) 12.5 lg/mL of polymyxin B (PolyB). The bacterial lysis (%) was calculated as (OD 600 of PolyB/OD 600 of Ctrl). Error bars indicate the standard deviation (SD) from two independent experiments done in triplicate per mutant. Statistical significance was determined by the Mann-Whitney U test. * * * p < 0.005.
pap::Tn and degS::Tn formed O-type colonies (Fig. 2) , but showed less anti-phagocytic activity than WT (Fig. 3) .
We found that mltB::Tn and glt::Tn increased CSH in the presence of p-xylene, and both mutants formed T-type colonies (Figs 1 and 2) . Capsule of V. vulnificus contributes to evasion from phagocytes by decreasing the CSH (1, 5, 6 ). These facts suggested that the CSH of mltB::Tn and glt::Tn increased due to a decrease in capsule expression. Interestingly, the CSH of mltB::Tn and glt::Tn in the presence of n-octane was comparable to that of WT (Fig. 1) . This might be explained by differences in structure or partition coefficient between p-xylene and n-octane, but the exact mechanisms remain unclear. Similar results were observed in probiotic bacteria isolated from milk (21) . In the previous study, the hydrophobicity of one strain was higher than those of other strains in the presence of p-xylene, but lower in the presence of n-octane (21). Therefore, it is possible to predict properties of the bacterial cell surface structure, such as capsule expression, by the BATH assay.
Besides the fact that degS::Tn was more susceptible to polymyxin B than WT (Fig. 5) , it was reported that r E controlled the expression of genes involved in LPS biosynthesis in E. coli (24, 25) . Because degS is a membrane-anchored periplasmic protease and plays a critical role in the r E -stress-response pathway in E. coli (26) (27) (28) , it is speculated that degS might contribute to LPS biosynthesis in V. vulnificus. However, the functions of degS in V. vulnificus have not been investigated. To reveal the degS functions, the degS::Tn was complemented with degS-coding plasmid, and the lethality was evaluated by the KaplanMeier method. However, complementation with degS did not restore the lethality in mice (data not shown). This might have been due to secondary mutation rather than polar effect because the degS is the most downstream of three open reading frames (ORFs) in one direction. Then, we created an inframe degS deletion strain of V. vulnificus (DdegS). Although DdegS showed T-type colonies, unfortunately this phenotype was not complemented with the degS-coding plasmid (data are not shown). Escherichia coli also showed T-type colonies when their degS was deleted. These phenotypes were completely complemented by the degS-coding plasmid (23) . These facts suggested that the degS coded in the plasmid did not work because degS of V. vulnificus was an essential gene for the survival of V. vulnificus and that alternative pathways due to secondary mutation were working in the DdegS.
In this study, we used the BATH assay to identify mutants (pap::Tn and degS::Tn) whose antiphagocytic activities were attenuated, even though they formed O-type colonies. Our findings indicated that the BATH assay is a more suitable means of defining the anti-phagocytic activity of V. vulnificus than a colony morphology comparison. This will help us to better understand the anti-phagocytic abilities of V. vulnificus.
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